A proton NM R method is described which enables rotational flow and viscosity measurements of low molecular weight nematic liquid crystals (NLC's). This is achieved by an extension of the common NM R field-cycling technique, namely by fast electronic switching of both the external magnetic field direction and strength. In thermodynamic equilibrium, the director of an NLC with positive diamagnetic anisotropy (A/ > 0) orients parallel to the external magnetic field. Thus a change of this direction causes a reorientation process of the molecules to align to the new equilib rium, which in low viscous systems in contrast to polymer liquid crystals is rather fast and hence requires fast field switching. We have studied systematically this response as a function of the initial field rotation angle 90 relative to the director for some homologous NLC's of the n-alkyl-cyanobiphenyl (nCB) series. It is shown that there exists a critical angle 0cr in such a way that for 0o < 0C T the director rotation is homogeneous and only controlled by the rotational viscosity y j. For 0O > 9cr, however (e.g. in the case of 5 CB 0C T is « 85 degrees) the viscoelastic behaviour is more complicated because of a coupling between flow and director gradients. The analysis of the alignment process by the changes of the proton line spectra also allows to determine the Leslie viscosities at, a2, a3, a4 + a5, and the average Frank elastic constant K by a single measurement.
I. Aim of the Work
Nuclear magnetic resonance (NMR) spectroscopy has in recent years successfully been used to study flow processes in liquid crystals by changing the orienta tion of the external magnetic Zeeman field (flux den sity B) relative to the crystal axis (director h). The response can reveal characteristic details about the flow parameters of these materials. Up to the present, most of the NM R experiments were restricted to highly viscous polymer liquid crystals (PLC's), be cause in this case the director realignment is suffi ciently slow to perform measurements by more or less conventional techniques [1] [2] [3] .
Two main methods can be distinguished, namely a mechanical continuous or one-turn rotation of the sample perpendicular to the external field direction and on the other hand a rotation of the magnetic field by means of an electronic network. For both proce dures N M R techniques, sometimes combined with optical methods, provide a precise tool to detect the realignment of the director.
Reprint requests to Prof. F. Noack. Using the first mechanical approach, it was found for PLC's that the response flow to a transient turn of the director by an angle 0O depends on the magnitude of 0o. There exists a critical angle 60< dC T , which dis tinguishes homogeneous from inhomogeneous reori entation of the director. For 0O< 45° [1, 4] the flow is homogeneous and determined by the rotational vis cosity y ls whereas experiments with rotation by an angle of about 90° [2, 4] show a one-or two-dimensional pattern formation, which is caused by the non linear coupling between the director motion and the viscous flow of the molecules (back-flow); this involves more than one of the liquid crystal viscosities. The effect is also seen by a reduction of the effective rotational viscosity yleff [5] . To perform similar experiments with less viscous nematic liquid crystals (NLC's) it is neces sary to apply the faster second approach. In common Zeeman fields with a magnetic flux density B of typi cally 1T the realignment time is of the order of 30 ms for NLC's, but nearly 100 s for PLC's. In this paper it is shown that the N M R field-cycling technique, through the possibility of switching the angle 60 be tween the director n and the Zeeman field Be in a few milliseconds, allows to realize adequately fast switch-0932-0784 / 94 / 1200-1179 $ 06.00 © ~ Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen ing conditions for measurements of low viscous liquid crystals.
Experimental Techniques

NMR Apparatus
The NMR field-cycling technique has generally been used to determine the frequency dependence of longitudinal proton or deuteron relaxation times Tt , and both the method and numerous results are de scribed in several reviews [6] [7] [8] . In order to perform rotational flow measurements we had to modify our proton field-cycling spectrometer [6] (i) to allow switching of both the external magnetic field direction and strength, and (ii) to allow a spectral signal analysis by Fast Fourier Transform (FFT) data processing. For the first purpose the cylindrical Zeeman field coil of the proton field-cycling spectrometer with a maxi mum field of 0.2 T in z-direction was extended by a saddle coil [9, 10] inside the cylinder bore with a max imum field of 0.06 T in x-direction as shown in Fig  ure 1 . The current through the transverse coil is con trolled by a 3 kW commercial power supply (Delta Elektronika), which is switchable within 5 ms. The z-field, switchable in about 1 ms, is regulated by a homebuild GTO network described previously [6] . By varying the magnetic flux density in both the z-and x-direction any angle 0° < 90 < 90° relative to the z-di rection could be adjusted in about 5 ms up to a field of 0.06 T. Details are given in [11] . For the second Fig. 1 . Principle of the angular dependent fast field-cycling NMR method for flow or relaxation measurements, where the orientation of the NMR Zeeman field Be is cycled period ically relative to selected axis, in this case the liquid crystal director n. purpose the field-cycling spectrometer was interfaced to a PC with a two-channel FFT. At present we use a Larmor frequency v0 = 8.9 MHz. A typical NLC spec trum has a width of 100 kHz, the resolution of our apparatus by the magnet inhomogeneity is about 300 Hz. The data were recorded with a sampling time of 2 |^s and the FFT was performed with 4096 complex signal points.
The principle of a measuring cycle is shown in Fig  ure 2 . It can be separated into 3 periods: The first period I creates the thermodynamic equilibrium of both the magnetization M and the director field n, which means that n in the NLC becomes parallel to the field B, (9n = 0), and in good approximation V/i = 0. At time t = x0 the second period II starts. Here the field in z-direction is switched to a lower value Bz, while at the same time the field in x-direction is switched to a value Bx to produce an inclination of the total field
by an angle 90 = arctan (2) relative to the director n. This is a nonequilibrium configuration and a reorientation process will start, where 9n will approach 90. It is measured in the detec tion period III beginning at time t = xR. After a short time delay 51, which is necessary to improve the field stability, an N M R free-induction-decay (FID) is cre ated with a n/2 rf-pulse B { and transformed by FFT to give a proton spectrum, where the flow becomes observable through the separations and amplitudes of the individual lines. If 90 < 9C T it is advantageous to extend the interval to bt « 2 , where Ti is the proton spin relaxation time, in order to increase the magne tization. This implies that the original flow time has to be corrected by the delay. By varying the length of the second period from typically 0 to 100 seconds the form of the spectrum changes due to the increasing angle 9n between the local director n and the magnetic detection field B,, and this development was recorded in usually 40 steps. Both the dependence of the line splitting and of the full profile of the spectrum / (v) on xR are charac teristic for the flow of the molecules, in particular the spectrum allows to distinguish a homogeneous from an inhomogeneous process. In addition, the equilibrium spectrum / 0(v) for 9n = 0, corresponding to t = x0, was recorded. The accuracy of the angle adjustment varies A V Fig. 2 . Polarisation-, flow-and detection-periods (I, II, HI) of the angular dependent fast field-cycling NMR method for flow measurements in liq uid crystals (left side, top), and the re lated rf-field irradiation Bi(t), signal amplitude USig (t) and director orienta tion 9n(t) (left side, lower drawings). The right side of the diagram shows schematically the time dependent vari ation of the line splitting and the full proton spectrum obtained by FFT of t/Sig(0-from a few degrees at small 60 to less than 1 degree near 60 = 90°.
The director reorientation was studied for both dif ferent temperatures T (from the clearing point Tc to Tc -8 °C) and different starting angles 60 (40, 70, and 88°).
Data Handling
In the simple case where the sample contains only one type of proton spin pairs with a separation r12 and an orientation ß12 relative to the external detection field Bz, the spectrum consists of two lines with a splitting [12] 
*-r l2
as illustrated by Fig. 2 , where y is the gyromagnetic ratio of the protons. In a liquid crystal the prefered axis is the director n, and the angle ßl2 can be ex pressed by the angle 6n between the director and the field Bz, the angle S between the average molecular axis and the director, and the average angle <p12 be tween the spin pair axis and the molecular axis. Ac cording to Schmiedel et al. [13] this gives J = I T T k < 3 cos2 e*~ >> « 3 cos2 3 ->» 8r3 12 2
is the nematic order parameter, and similarly the field direction is often characterized by another order pa rameter
Since the real sample contains different spin pairs, and the orientation of the director is not necessarily homo geneous over the whole sample, the observable spec trum / (v) is a superposition of the individual contribu tions of all spin pairs, which can be written in the form [14] /
where P (9n) means the probability density function of the director orientation in the sample. In the case of e0< e cr this is a ^-function. A schematic drawing of (7) is shown by the line profiles in Fig. 2 to distinguish this case from the simple treatment by (3) . The form of (7) essentially agrees with the more recent result of Spiess et al. [2] for the analysis of deuteron spectra in flow experiments. However, in the following we use explicitly calculated expressions for P (6n), rather than (4) numeric approximations.
In order to compare the experimental data with the spectral profiles of (3) or (7), respectively, we did the following. If there exists only one well-resolved split ting and if 90< 9 C T , so that the director reorientation is homogeneous, the flow of the molecules can be completely controlled by the time dependence of A. In the more general case, for instance if 60> 6 C T , the full spectral profile of (7) has been considered. The simula tion of / (v) was performed by using the measured / (v) spectrum together with calculated forms of P(9") based on the one-and two-dimensional director dis tributions introduced by Martins [1] and Spiess [2] , In the one-dimensional case we obtained
and in the two-dimensional case sin 9"
n~ " I ( sin^n \-e tan 9" 1 -sin0" (9) {(= £)*]
as demonstrated in the Appendix. The two involved model parameters 0m ax and e for the maximum ampli tude and the deformation of the director field were optimized as a function of the flow time xR -x0 in the detection period (seeFig. 2) by a minimalization of the deviation between the simulated and the experimental spectrum. Such a simulation treats 512 points of the amplitude spectrum. The line broadening of % 300 Hz originating from the inhomogeneity of the fieldcycling magnet was taken into account by an angleindependent broadening term in the spectrum.
Samples
Homologous liquid crystals of the 4-n-alkoxy-4'-cyano-biphenyl series, namely 5CB, 6CB, 7CB and 8CB, were purchased from Merck and filled in quarzglass-tubes with an inner diameter of 8 mm and a length of 10 mm by the normal freeze-pump-thaw technique. All these materials are nematic near or slightly above room temperature. In order to treat the temperature dependencies relative to the clearing point Tc, the absolute sample temperatures T were scaled by T=TC -AT, and the clearing point was de termined for every material with an accuracy of « 0.2°C (5CB: 35.2°C, 6CB: 28.6°C, 7CB: 39.5°C, 8CB: 40.3 °C). During the flow experiments the sam ple temperature was maintained constant within % 0.2 °C.
Experimental Results
Angular Dependent Line Splitting A and Spectrum /(v)
Using the field-cycling technique described before, the line splittings and the full spectra of several liquid crystals were determined for different starting angles 90 of the reorientation process towards equilibrium. The different procedures are illustrated for 5CB by Figures 3, 4 , and 5. The equilibrium spectrum of 5CB with typically two nearly equal line splittings Ax and A0 is shown in Fig. 3 4 . Development of the 5 CB proton spectrum after an initial field rotation switch of 0o = 70° at 27.5 °C (homogeneous flow) for 6 values of the director orientation 0". The abscissa Av measures the frequency relative to the central Larmor frequency v0= 8.9M H z of the spectrometer, the amplitudes U are linear, arbitrary units. The original equilibrium spectrum is a broad dublett, which dramatically narrows when approaching the magic angle. For larger angles the spectrum transforms to a 3 times narrower dublett than the equilib rium spectrum. 
But the full spectrum allows to observe the flow more critically at angles between 40 to 60°, where the line splitting becomes too small to be resolved. For angles 90> 9 cr, it was no longer possible to simulate the angular development of all the experi mental spectra in Fig. 5 with the considered model relations using only one single averaged spin pair. The value 9cr depends on instrumental parameters like the strength and inhomogeneity of the field as well as on the size and the purity of the sample. In some cases 0cr was found near 40°, in others as 5CB near 85° [15] . The observed time constants TR and initial split tings zlm ax are listed in Table 1 for all studied mate rials. The time constants are the basis for the evalu ation of the rotational viscosities y^ Neglecting some discrepancies of the spectrum simulation for large initial field rotations, it is also possible to use the formalism to determine the three Leslie viscosi ties a1? a2, a3 individually, the sum a4+ a5, and also the average Frank elastic constant K. Table 1 . Rotational viscosities yt and yleff of the n-CQ series for n = 5, 6, 7, and 8 at different temperatures AT relative to the clearing point Tc. Also shown are the directly measured quantities TR and Am iX (see (10) and (11) (12) where Ax is the diamagnetic anisotropy and n0 the vacuum permeability. If the director flow is inhomogeneous, i.e. 90 > 0cr, (12) was still observed to be valid [1] in the initial phase of the time dependent splitting for the reorientation process according to (10) , if yx is replaced by an effective rotational viscosity yleff. Val ues of Ax were taken from [17] [18] [19] , Be was determined using a Bell Gauss-meter with an accuracy of +1%.
The evaluated values of yx and yt eff are listed for sev eral temperatures in Table 1 . From the experimental scatter, the error limits were estimated to be +10%. Some remarks about the differences between the two viscosities are given in Chapter 4.2.
Evaluation of the Rotational Viscosity yx and yleff
From the balance between the magnetic and the frictional torque on n in the reorientation field Be together with the time constant TR follows for the homogeneous flow the rotational viscosity yx by the
Evaluation of the Leslie Viscosities a1
, o l2, a3, a4 + a5, and the Average Frank Elastic Constant K As mentioned before, our measurements do not yet allow a quantitative description of the full reorienta-tion process by (7) in combination with (8)- (11) . How ever, if we overlook some details of the spectrum and consider the Martins formalism for the time evolution of 6n according to the planar Leslie-Ericksen equation [1] (13)
instead of the simple arctan-law (11), it becomes possi ble to estimate in addition to yx = a3 -a2 the Leslie viscosities ax, a2, a4+ a5, as well as the average Frank elastic constant K. Our approximation implies to re strict 6n to angles < 50° and to neglect on one hand the time dependence of the deformation parameter e in (8) , and on the other hand the inner line which occurs during the intermediate reorientation process (see Fig. 5 at 0n* 25°) .
The solution of the Leslie-Ericksen relation and the fitting of the experimental data to the theoretical model was done with the fitting program Scientist for ordinary differential equations (Micromath); the spec tra simulations were performed on a Unix-PC. Table 2 lists the obtained optimized parameters for 5CB. Table 2 . Leslie viscosities a, and average Frank elastic con stant K for 5CB at T = 33.5°C determined by the inhomogeneous flow measurement of this work. The evaluation of (13) 
Discussion and Conclusions
S,
Rotational Viscosity
Our results on and yleff essentially support the viscosity data available in the literature for 5 CB, 6 CB and 8CB [20] [21] [22] [23] [24] [25] but reveal considerable discrepan cies up to an order of magnitude of 7 CB [26] . The two situations are illustrated by Figs. 6 and 7, which com pare the temperature dependence of yt for 5CB and 7CB of our field-cycling studies with data from the literature. The full lines are model fits of the frequently used expression for yl5 namely [27] Vl(T) = X S 2 ex p ( A j (14) Tc -T / K (14) and (15) with parameters listed in Table 2 . (□): Mea surements of [26] . Table 3 . Optimized parameters obtained by temperature de pendent model fits of (14) and (15) with the order parameter approximation > -" -r (15) The optimized parameters (pre-exponential factor A, activation energy E, temperature exponent ß) are given for all materials in Table 3 .
The essential point of our new viscosity measure ments is that the homogeneity of the flow implied by (7) can be quantitatively checked by the evolution of the proton spin spectrum and is not an unproved asssumption. This is a decisive point since the angle 9cr where the flow type changes to inhomogeneous, obvi ously deviates from the theoretical expectation 9cr % 45° [1, 2] . Further, and in contrast to the results of Magnuson et al. [28] it is not observed for 5CB with 0o<0cr that different parts of the molecule (e.g. chains and aromatic rings) rotate significantly differently. The absence of separate flow components is most reli ably seen by the form of the spectrum when 9n ap proaches the magic angle, since in this case only one single line develops, corresponding to one single value of ft,.
value of rjb = \ (a2 + 2 a3 + a4 + a5) compared with a3 2<x\ so that Vieff ~7i -a2+ 2a3 + a4+ a5 (16) becomes rather different from yx. This has been veri fied experimentally both in electric and magnetic flow experiments of PLC's [1, 2, 30] .
In case of the present measurements on NLC's the results about the a/s can be compared with indepen dent, more direct experimental viscosity studies. For 5CB several Leslie viscosities have been reported by Chmielewski [20] and Skarp et al. [21] . We found that the agreement is satisfactory within the experimental error limits of maximum an order of magnitude for a3 and minimum < 10% for a2. In particular the negligi ble difference between y, and yleff (Table 2) , i.e. be tween the rotational viscosity observed in the flow for small and larger director rotations, is understandable because of the small a3 to rjb ratio compared with yx. However, we once again emphasize that the proton spectrum observed during the flow process is not in quantitative agreement with the model equations (7), (8) , (9) , and (13).
Leslie Viscosities
The validity of (13) for flow experiments after creat ing a nonequilibrium between the magnetic field and the nematic director orientation is still disputed be cause of the in-plane assumption of the director mo tion and the possibly incomplete Martins-SpiessAnsatz for inhomogeneous director distributions (see Appendix). Nevertheless there exist several results for PLC's based on this approach [29] , but so far no independent control measurements. A similar theoret ical basis has recently been proposed and applied for PLC's by Moscicki et al. [30] , who have switched an electric instead of a magnetic field direction. A charac teristic result of these methods is the relatively small 5. Appendix
One-Dimesional Director Distribution
From the one-dimensional inhomogeneous director distribution in z-direction introduced by Martins 0n(z, t) = 9max(t) cos£(qzz),
where 0m ax (t) is the maximum time depended distor tion and q, is the related wave vector, and the defini tion of P(9n) in (7), P(9") -N * ' U . dz (18) where N is the normalisation factor, follows P (0") = N * [-qz 0m ax £ sin (qz z) cosE~l (qz z)]~1 (19) = N * M ln r
Normalising P(6n) to 1 finally gives 1 (20)
Two-Dimensional Director Distribution
From the two-dimensional director distribution function in x and z-direction introduced by Spiess 
sin 6" sin2«ŵ hich is an elliptic integral of the first kind.
